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Apaf-1 coassembles with cytochrome c to form the
apoptosome, which then binds and activates pro-
caspase-9 (pc-9). We removed pc-9 catalytic
domains from the holoapoptosome by site-directed
thrombinolysis. A structure of the resulting apopto-
some-pc-9 CARD complex was then determined at
9.5 A˚ resolution. In our model, the central hub is
constructed like other AAA+ protein rings but also
contains novel features. At higher radius, the regula-
tory region of each Apaf-1 is comprised of tandem
seven and eight blade b-propellers with cytochrome
c docked between them. Remarkably, Apaf-1 CARDs
are disordered in the ground state. During activation,
each Apaf-1 CARD interacts with a pc-9 CARD and
these heterodimers form a flexibly tethered ‘‘disk’’
that sits above the central hub. When taken together,
the data reveal conformational changes during Apaf-
1 assembly that allow pc-9 activation. The model
also provides a plausible explanation for the effects
of NOD mutations that have been mapped onto the
central hub.
INTRODUCTION
Programmed cell death provides a method to sculpt tissues in
developingmetazoans andmaintain tissue homeostasis (Ferraro
et al., 2003). Apoptosis is also used by cells to defend against
pathogens and hyperproliferative cells. Thus, apoptotic path-
ways are downregulated in certain cancers and autoimmunity
diseases (Song and Steller, 1999; Salvesen and Dixit, 1997;
Green and Evan, 2002). Conversely, apoptosis is upregulated
in diseases that destroy cells, such as AIDS, neurodegeneration,
and ischemic stroke (Thompson, 1995; Danial and Korsmeyer,
2004).
In chordates, programmed cell death requires cytochrome c
release from mitochondria in the intrinsic pathway. This occurs
in response to developmental cues, cytotoxic damage, or
genomic stress (Wang, 2001; Newmeyer and Ferguson-Miller,Structure 18,2003). Cytochrome c binds to the inactive Apaf-1 monomer
and triggers apoptosome assembly. This process probably
requires conformational changes coupled with nucleotide
exchange, while the requirement for nucleotide hydrolysis
remains controversial (Reubold et al., 2009; Liu et al., 1996;
Hu et al., 1999; Jiang and Wang, 2000; Kim et al., 2005;
Yu et al., 2005). The apoptosome binds to procaspase-9 (pc-9)
and activates the zymogen to create a platform that mediates
proteolytic processing of downstream procaspases (Li et al.,
1997; Srinivasula et al., 1998). Executioner caspases, such as
pc-3 and pc-7 (Zou et al., 1997), target certain intracellular
proteins for proteolysis, which leads to an orderly cell death
(Danial and Korsmeyer, 2004).
The nucleotide oligomerization domain (NOD) family contains
23 proteins in human cells that participate in apoptosis, innate
immunity, and other processes. NOD proteins are members of
the AAA+ superfamily of ATPases (Inohara and Nunez, 2003;
Leipe et al., 2004) and contain a conserved nucleotide binding
domain (NBD) and a small helical domain (HD1) that bind nucle-
otide (Figure 1A) (DeLaBarre and Brunger, 2003; Danot et al.,
2009; Zhang et al., 2000). In addition, NOD proteins contain
a novel winged helix domain (WHD) that is involved in oligomer-
ization, which is followed by a second helical domain (HD2)
(Figures 1A and 1B) (Riedl et al., 2005; Yan et al., 2005). Based
on electron cryo-microscopy, the NOD of Apaf-1 is used to
assemble a central hub. Seven arms radiate from the hub and
are formed by HD2. A regulatory region is located at the end of
each arm and contains two b-propellers with cytochrome c
sandwiched between them (Yu et al., 2005; Acehan et al.,
2002). However, the architecture of the human apoptosome is
not clear because a previous map at 12.8 A˚ resolution did
not allow automated and unbiased docking of Apaf-1 domains.
Indeed, computer modeling suggested that Apaf-1 may follow
a classic AAA+ paradigm for ring formation (Diemand and Lupas,
2006; Proell et al., 2008), but this remains to be shown experi-
mentally.
Procaspase-9 binding to Apaf-1 is mediated by homotypic
interactions between caspase recognition domains in each
protein (CARDs; Qin et al., 1999). While precise details of pc-9
activation are not known (Rodriguez and Lazebnik, 1999; Zou
et al., 1999), it appears that pc-9 zymogens may be disordered
when bound to the apoptosome (Acehan et al., 2002). Apical pro-
caspases are monomers in solution (Boatright et al., 2003, Chao571–583, May 12, 2010 ª2010 Elsevier Ltd All rights reserved 571
Figure 1. Active Apoptosome and Apopto-
some-pc-9 CARD Complexes
(A) A linear diagram of Apaf-1 is shown with color
coded domains and linkers.
(B) A ribbon diagram of the Apaf 1-591 crystal
structure with bound ADP is shown with color
coded domains (Riedl et al., 2005; 1Z6T).
(C) (left) Peak fractions for the Apaf-1-pc-9t
complex from a glycerol gradient are shown.
Some pc-9t clip product is present (asterisk).
(middle) A complex of Apaf-1 and pc-9t was
treated with thrombin. On a glycerol gradient,
pc-9 catalytic domains remain at the top (fractions
2–4), while the apoptosome-pc-9 CARD complex
migrated in fractions 6–8. (right panel) A mutant
of pc-9t with no internal cleavage sites forms
a similar apoptosome-pc-9 CARD complex and
was used for structural studies.
(D) Proteolytic time courses with Ac-LEHD-AFC
as a substrate are shown for four conditions
described in the text. Apoptosomes with bound
pc-9t show at least a 10-fold enhancement of
proteolytic activity when compared with com-
plexes treated with thrombin.
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Structure of an Apoptosome-pc-9 CARD Complexet al., 2005; Li and Yuan, 2008), and executioner caspases are
constitutive dimers (Riedl et al., 2001). Thus, pc-9 activation
may require dimerization mediated by the C-terminal p10
domain (Yin et al., 2006; Pop et al., 2006, Boatright et al.,
2003). The resulting pc-9 dimer is functionally asymmetric and
contains one active catalytic site and a second, nonfunctional
catalytic site (Renatus et al., 2001). When taken together, these
data are consistent with a proximity-induced dimerization model
for apical procaspase activation (Boatright et al., 2003; Renatus
et al., 2001).
In this paper, we report the structure of a human apoptosome
with bound pc-9 CARDs at 9.5 A˚ resolution. Molecular
modeling revealed novel domain interactions within the central
hub and provided insights into apoptosome assembly. We also
found that the architecture of the heptameric platform in ‘‘active’’
and ground state apoptosomes is similar. In particular, the
arrangement of NBDs within the central hub is reminiscent of
their packing in AAA+ rings. However, important differences in
the NODs may reflect apoptosome function. We also modeled
tandem b-propellers in the regulatory region of Apaf-1 and found
that they contain seven and eight blades, respectively. Remark-
ably, Apaf-1 CARDs are flexibly tethered to NBDs in the ground
state. In the presence of initiator procaspase, Apaf-1 CARDs
interact with pc-9 CARDs to form a flexibly tethered disk that
sits above the central hub. This disk could facilitate the prox-
imity-induced dimerization of pc-9. Finally, our model provides572 Structure 18, 571–583, May 12, 2010 ª2010 Elsevier Ltd All rights reservedt
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la scaffold upon which known NOD muta-
tions can be mapped and understood.
RESULTS
The Apoptosome with Bound pc-9
CARDs
Previously, we found that apoptosome-
pc-9 complexes tended to aggregateduring sample preparation for electron cryo-microscopy (Acehan
et al., 2002). This may have been due, in part, to high concentra-
tions required to force particles into holes in the carbon suppor
film. In addition, pc-9 molecules were largely disordered on the
apoptosome, with the exception of a dome of density located
above the central hub. This suggested that few if any interactions
would exist between pc-9 and the apoptosome in low salt buffe
(LSB), except for the Apaf-1 CARD-pc-9 CARD complex (Qin
et al., 1999). To prepare a sample for imaging, we inserted
a thrombin site in the linker between the N-terminal CARD and
p20 domain of pc-9(D315A) to create pc-9t. We titrated the ratio
of pc-9t to Apaf-1 with glycerol gradients to find the saturation
point (Figure 1C, left). When thrombin was added to the
complexes, the resulting products included pc-9t catalytic
domains, which ran at the top of gradient, and the apopto-
some-pc-9 CARD complex (Figure 1C, middle). However, pc-9
was susceptible to self-proteolysis during overexpression
Hence, we engineered a pc-9t mutant with two additiona
cleavage sitesmutated to alanine (E306AandD330A). The result-
ing apoptosome pc-9t complex migrated normally on glycero
gradients. Complexes with the pc-9t mutant were assembled
and used for structure determination, after releasing the catalytic
domains with thrombin (Figure 1C, right). We will refer to the re-
sulting particle as the apoptosome-pc-9 CARD complex.
After modifying the pc-9 linker, we tested the pc-9t zymogen
for proteolyic activity using Ac-LEHD-AFC at 100 mM. Cleavage
Structure
Structure of an Apoptosome-pc-9 CARD Complexof the susceptible bond following aspartate removes AFC fluo-
rescence quenching. In a time course, pc-9t by itself has appre-
ciable proteolytic activity that may be due to self-aggregation
mediated by the pc-9 CARD or the longer linker, as thrombin
cleavage brought the activity down to background levels
(Figure 1D, compare green and red curves). We then added
pc-9t to the apoptosome such that binding was just saturated.
Under these conditions, proteolytic activity increased and the
true activation level was obtained by comparing apoptosome-
pc-9t and apoptosome-pc-9 CARD complexes (Figure 1D,
blue and black curves). Complex formation with pc-9t at
100 nM Apaf-1 led to at least a 10-fold activation. We conclude
that a single clip in the pc-9 CARD linker is sufficient to release
catalytic domains from the apoptosome. This argues against
extensive interactions between pc-9 catalytic domains and
Apaf-1 in LSB (Acehan et al., 2002). Since pc-9t apoptosomes
are active in LSB, the data favor a proximity-induced dimeriza-
tion model for pc-9 activation (Boatright et al., 2003).
Structure of the Apoptosome-pc-9 CARD Complex
Images of 42,000 apoptosome-pc-9 CARD complexes frozen
LSB were collected from 400 micrographs. After refinement
with C7 symmetry (EMAN 1.8; Ludtke et al., 1999), we obtained
a final map from 34,000 particles. Fourier shell correlation
and Rmeasure curves (Sousa and Grigorieff, 2007) gave 0.5
estimates of 8.3 and 8.9 A˚ resolution, respectively (see Fig-
ure S1 available online). However, inspection of the map and
crystal structure docking with Chimera (see next section)
suggests that the actual resolution is 9–10 A˚, since individual
a helices are only partly resolved. Thus, we truncated the reso-
lution of the map at 9.5 A˚ resolution. We observed a disk-like
density sitting above the central hub of the apoptosome in
class averages (data not shown). In the final map, this disk
was at a lower resolution than the platform and there were
no strong connections between these two features. For clarity,
we truncated the disk to 18 A˚ resolution. Top and side views
of the map are shown with the platform and disk in blue and
magenta, respectively (Figures 2A and 2B). The disk in the orig-
inal map is shown in the inset (Figure 2B). Disk formation is
reminiscent of dome-like density observed in a lower resolution
map of the apoptosome-pc-9 complex (Acehan et al., 2002).
After removing the disk, top and bottom views reveal a wealth
of detail in the central hub, arm, and regulatory region (Figures
2C and 2D).
Modeling the Apoptosome
We used a crystal structure of Apaf 1-591 with bound ADP (Fig-
ure 1B; PDB code: 1Z6T) to dock NBD, HD1, WHD, and HD2
domains into the map, as well as homology models of the
C-terminal b-propellers and a crystal structure of bovine cyto-
chrome c (2B4Z). In this work, Apaf-1 domains are color coded
(Figures 1A and 1B) and the nomenclature is based on a struc-
ture-based sequence alignment (Figure S2) (Riedl et al., 2005).
All domains were initially docked as rigid bodies using Chimera
(Goddard et al., 2005). They were then reconnected within the
map and their fit was refined using Flex-EM (Topf et al., 2008)
(Supplemental Experimental Procedures). At this resolution,
we did not model all movements of helices within domains.
We started with HD2, since its position in the arm was known.Structure 18,Based on the quality of the docking, we were able to ascertain
the correct handedness of the 3D map. This was borne out by
the fit of domains in the density that gave cross-correlation
scores between 0.85 and 0.95 (Table S1). A close-up of an
arm with docked HD2 is shown in Figure 3A, as viewed from
below the apoptosome. An icon view of this region is also
shown. The fit of HD2 in the arm is shown within a semitrans-
parent map in Figure 3B and the front surface is cut away to
reveal the docking of helices and loops within high density
features (Figure 3C). A meshwork has been drawn on the inside
of the isosurface, which allows one to differentiate between
inner and outer surfaces. Finally, a side view of the HD2 arm
highlights the excellent fit of helices in the density (Figures 3D
and 3E).
In the next step, we docked WHD-HD2 as a rigid body since
there is an extensive interface and a short linker between these
domains in the crystal structure (Riedl et al., 2005). We also
docked the NBD-HD1 pair as a rigid body, since they form the
nucleotide binding pocket and the linker between them is also
short (approximately five residues). We then relaxed these
restraints to dock domains separately within the map. A small
rotation was apparent between domains in each of the pairs.
The WHD in the context of its neighboring HD1 is shown in
a bottom view (Figures S3A and S3B). The b-hairpin ‘‘wing’’ in
the WHD is easily recognizable in side and top views (Figures
S3B and S3D–S3F). In addition, helix a18 from HD1 packs
against the b-hairpin and the HD1-WHD linker may interact
with a23 of WHD. There is good density for the central b sheet
and dATP/ATP in the NBD, but local conformational changes
were not modeled. Finally, the four helix bundle of HD1 fits
snugly between adjacent WHDs.
The regulatory region was constructed by docking homology
models of seven and eight blade b-propellers (Supplemental
Experimental Procedures) and cytochrome c (Mirkin et al.,
2008; 2B4Z) into the density. Ramifications of our modeling
of the regulatory region will be discussed in the next section.
After refinement of the entire Apaf-1/cytochrome c model, a
pdb with a complete subunit was docked automatically into
seven equivalent positions in the map without major clashes
between chains. The quality of the final fit is indicated by the
high cross-correlation (0.91) (Table S1). An overview of the
final platform model is shown in top and bottom views (Figures
4A and 4B), with the model viewed within a semitransparent
map.
At this stage, there was no room to fit seven Apaf-1 CARDs
within the platform. Hence, the disk must contain Apaf-1
CARD-pc-9 CARD complexes (Qin et al., 1999). However, the
size and low resolution prevented us from modeling seven
CARD-CARD heterodimers within the disk. We surmise that
Apaf-1 CARDs are flexibly linked to their respective NBDs within
the platform, which leads to a blurring of the disk. This idea is
consistent with the location of linker helix a8 (Figure S3E), as
the N terminus of this helix points up toward the disk. Intriguingly,
one Apaf-1 isoform with a shorter CARD-NBD linker is still func-
tional (aa 99–109 missing in Apaf-1L; Saleh et al., 1999). This
suggests that a longer link between the disk and platform may
not be required for full function.
We then took the final platform model with 49 domains and
docked it as a rigid body into a density map of the ground state571–583, May 12, 2010 ª2010 Elsevier Ltd All rights reserved 573
Figure 2. A 3D Map of the Apoptosome-pc-9 CARD Complex
(A) A top view of the apoptosome-pc-9 CARD complex is shown as a surface rendering. The platform is shown in blue and the low pass filtered disk is colored
magenta.
(B) A side view of the apoptosome-pc-9 CARD complex shows the disk, which sits above the platform without visible connections. The unfiltered disk from the
original map is shown in the inset.
(C) A top view is shown of the platform with the disk removed.
(D) The platform is shown in a bottom view along the seven-fold axis.
Structure
Structure of an Apoptosome-pc-9 CARD Complexapoptosome (Yu et al., 2005). The overall fit was excellent with
no significant unfilled regions (Figures 4C and 4D). Hence, the
platform probably does not change significantly when pc-9
is bound, with the possible exception of CARD-NBD linker
movements.
Interactions within the Apoptosome
A ribbon diagram of structural elements in the apoptosome is
shown in a top view (Figure 5A), and a single Apaf-1 monomer
is surrounded by a dashed boundary line. Additional views and
subunit contacts are shown in Figures S4 and S5, respectively.
The close packing of domains is shown in Figures 5B–5D, with
a transparent surface overlaid onto the apoptosome model to
give a perception of depth. The hub is comprised of two rings:
an inner ring containing NBDs encircled by an outer ring that
contains alternating HD1 and WHDs (Figures 5B and 5C). The574 Structure 18, 571–583, May 12, 2010 ª2010 Elsevier Ltd All rightcritical unit for assembling the hub is comprised of an NBD-
HD1 pair and a WHD.
The hub model differs significantly from a previously pub-
lished domain model that was based on a lower resolution
map (Yu et al., 2005). In the earlier work, it was thought that
Apaf-1 CARDs may play an integral role in apoptosome
assembly, since these domains tended to self-aggregate and
CARD-CARD interactions seemed likely (Yu et al., 2006; Shio-
zaki et al., 2002). In addition, the resolution of the previous
map was not sufficient to allow unambiguous, computational
docking of small domains, so manual methods were used.
When these factors were combined, it resulted in a local
minimum being chosen in which NBD and HD1 positions
were flipped, because a ring of Apaf-1 CARDs was modeled
erroneously at the center of the hub. It is now clear that Apaf-
1 CARDs are flexibly linked to the platform. In addition, highers reserved
Figure 3. HD2within the Arm of the Apopto-
some
(A) A bottom view is shown of the arm and HD2
is indicated by a dashed outline. The map is
rendered in silver and an icon view is shown in
the boxed area.
(B) The view in (A) is shown with HD2 and adja-
cent features docked within a semitransparent
map. HD2 is red, HD1 is cyan, and WHD is
purple.
(C) A view like that in (B) is shown with the front
cut by a clipping plane to show helices and loops
docked within high density regions. The internal
face of the isosurface can be identified by a visible
black meshwork.
(D) A side view of the HD2 arm highlights the fit of
several parallel helices.
(E) A view like that in (D) is shown with a front clip-
ping plane that reveals helices of HD2.
Structure
Structure of an Apoptosome-pc-9 CARD Complexresolution coupled with more robust docking programs has
allowed an unambiguous solution.
In general, the hub has an architecture that is reminiscent of
rings formed by other AAA+ ATPases (Diemand and Lupas,
2006; Riedl et al., 2005). However, significant differences arise
from the presence of an initiator-specific motif (ISM) in the
NBD and from the packing of WHDs in the hub. These differ-
ences may reflect the fact that Apaf-1 forms a stable platform
instead of performing mechanical work like many AAA+
ATPase rings. This difference is also reflected in the low intrinsic
ATPase activity of the apoptosome (Jiang and Wang, 2000; Kim
et al., 2005; Yu et al., 2005).
ISM and NBD
The NBD plays a critical structural role because it is centrally
located in the apoptosome and may nucleate ring assembly.
Two major changes within the NBD are apparent at this resolu-
tion. First, the ISM (helix a12) is present in members of the initi-
ator clade, which are most similar to NOD proteins in the AAA+
superfamily. The ISM of Apaf-1 is inserted between b2 and a13Structure 18, 571–583, May 12, 2010in the NBD. Together, a12 and a13 form
a helix-loop-helix motif. Seven of these
paired a-helical motifs align in a nearly
vertical orientation to form a ring that
encircles the central pore of the apopto-
some (Figure 6A, ISM ring). Second, the
a8 linker helix in one NBD packs against
an adjacent NBD. Nucleotide triphos-
phate is bound near the subunit interface
in a deep pocket between the NBD-HD1
pair and there is no obvious entrance or
exit path (Figures S3E and S3F). Density
for the ‘‘arginine finger’’ in the NBD (actu-
ally K277 at the end of b5) of the adjacent
subunit is weak, so it is hard to judge
whether NTP hydrolysis could occur in
the apoptosome. Neither the vertical
packing of the a12-a13 pair to form the
ISM ring (Figure S6) nor the rearrange-
ment of linker helix a8 could have beenpredicted using previous AAA+ ring structures (Diemand and
Lupas, 2006).
HD1-WHD Ring
The AAA+ proteins do not contain a WHD; instead NBD-HD1
pairs interact with neighbors to form rings and oligomers (Danot
et al., 2009; Hanson and Whiteheart, 2005). Hence, the WHD is
a major addition to NOD proteins. In the central hub, the WHD
interacts with a neighboring NBD-HD1 pair (Figure 6B). This
generates an outer ring with alternating WHD and HD1s within
the hub. The HD1-WHD linker was not modeled explicitly, but
density for this feature is present between HD1 and WHD
(Figures 3B and 3C). Within an Apaf-1 monomer, the end of helix
a19 in HD1 and the HD1-WHD linker interact with a24 in the
WHD. The WHD also interacts strongly with the HD2 arm, which
positions the regulatory region of each subunit at higher radius
(Figure 5C).
Regulatory Region
A more detailed sequence analysis of the regulatory region
revealed 15 WD40 motifs rather than the 13 repeats identifiedª2010 Elsevier Ltd All rights reserved 575
Figure 4. The Global Fit of Apaf-1 and Cytochrome c within ‘‘Active’’ and Ground State Apoptosomes
(A) A molecular model for the platform is shown docked within a semitransparent top view of the apoptosome-pc9 CARD complex. Individual domains are shown
as ribbons and are colored coded as indicated.
(B) A bottom view is shown of the 3D map with the molecular model docked within the density.
(C) The molecular model for the platform is shown docked within a density map of the ground state apoptosome. An individual Apaf-1 subunit is marked with
a dashed outline in this top view.
(D) A bottom view is shown of the ground state apoptosome with the docked molecular model.
Structure
Structure of an Apoptosome-pc-9 CARD Complexpreviously (Figure S7; Experimental Procedures). This allowed us
to model tandem seven and eight blade b-propellers within the
regulatory region. The resulting model is reminiscent of the
crystal structure of actin interacting protein 1 (1PGU; Voegtli
et al., 2003), except that an eight blade propeller in Apaf-1576 Structure 18, 571–583, May 12, 2010 ª2010 Elsevier Ltd All rightreplaces the second seven blade propeller in Aip1. The docking
of b-propellers within the map shows that the V shape of the
regulatory region is supported at the base by helices a30,
a31, and a32 in HD2 (Figure 6C; Figure S8). The model is
strongly constrained by the length of the HD2 propeller linkers reserved
Figure 5. The Heptameric Platform of the
Apoptosome
(A) A top view is shown of the platform in the
human apoptosome. Domains are shown as
ribbons and are color coded as indicated in
Figure 4. Hub, arm, and regulatory regions are
labeled and a single Apaf-1 monomer is outlined.
ATP and heme groups are shown as spheres
with CPK colors.
(B) A top view is shown of two adjacent subunits
within the platform. A calculated surface has
been overlaid on the model to provide depth
perception.
(C) A similar bottom view is shown of the platform.
(D) The heptameric platform is shown in a side
view after a small tilt about the horizontal axis.
Structure
Structure of an Apoptosome-pc-9 CARD Complexand by links between the two b-propellers. A novel feature is
that the HD2 linker forms a d strand in the last blade of the eight
blade propeller, before continuing on to form the seven blade
propeller and the rest of the eight blade propeller (Figure 6D;
Figure S7). This prediction remains to be verified with higher
resolution data.
We then docked a crystal structure of cytochrome c into the
map (2B4Z). However, several related orientations were found
with similar docking scores. This was due to the paucity of
longer helices and the presence of large loops in cytochrome
c, which are not well defined at the current resolution. There-
fore, we chose the orientation with the highest score, but this
has to be verified. Even so, each docking placed the heme
group in a protected environment between the two b-propel-
lers, consistent with data that shows that the heme is not
solvent accessible (Purring-Koch and McLendon, 2000).Structure 18, 571–583, May 12, 2010Several residues on cytochrome c were
identified previously through mutations
that interfere with Apaf-1-mediated pro-
caspase activation (Yu et al., 2001; Hao
et al., 2005). In general, our fit for cyto-
chrome c places most of these residues,
including lysines, in orientations where
they could interact with the b-propellers.
DISCUSSION
In this work, we determined a structure of
the apoptosome-pc-9 CARD complex at
9.5 A˚ resolution. We then used molec-
ular docking with crystal structures
to create a model for Apaf-1 subunits
within the active apoptosome. Our model
shows how the central hub is constructed
by the NOD and provides insights into
conformational changes that occur
during assembly. The model also pro-
vides a rationale for the roles of cyto-
chrome c and ATP/dATP in assembly
and helps to explain phenotypes that
arise in certain NOD mutations. Impor-tantly, we find that flexibly linked Apaf-1 CARDs in the active
apoptosome interact with pc-9 CARDs to form a disk that may
play a role in pc-9 activation. Finally, the model provides a blue-
print for other NOD proteins that form activation platforms.
The Human Apoptosome
We determined the structure of an apoptosome-pc-9 CARD
complex after removing the pc-9 catalytic domains with a single
thrombin clip in each subunit. Hence, pc-9 catalytic domains are
not tightly bound to Apaf-1 in LSB. We also find that pc-9 is flex-
ibly tethered to the apoptosome by Apaf-1 CARD-pc-9 CARD
heterodimers, which form a ‘‘disk’’ that sits above the platform.
Thus, our model is representative of the heptameric platform at
9.5 A˚ resolution. Based on the model, we provide insights
into construction of the central hub, arm, and regulatory region.
In particular, the central hub is reminiscent of other AAA+ rings inª2010 Elsevier Ltd All rights reserved 577
Figure 6. Critical Interactions in the Heptameric Platform
(A) A top view is shown of a12-a13 and NBD rings within the central hub. Molecules of ATP are shown as spheres in CPK colors and the a8 linker helix is also
labeled.
(B) A top view is shown of the HD1-WHD ring within the central hub. Domains from a single Apaf-1 are outlined and relevant a helices are labeled. The inset shows
a superposition of the NBD and HD1-WHD rings to form the central hub.
(C) Seven and eight blade b-propellers are shown in the density map along with cytochrome c.
(D) A side view is shown of a ribbon model for the regulatory region. Linkers are indicated with dashed lines.
Structure
Structure of an Apoptosome-pc-9 CARD Complexwhich the NBD-HD1 pair mediate assembly through extensive
lateral interactions between adjacent subunits. In addition,
nucleotide triphosphate is located at the interface between adja-
cent NBDs. However, NBD-NBD interactions are modified in the
apoptosome by the ISM helix a12, which partners with helix a13
to form a helical pair motif. This helix pair associates with six
copies of itself to form a ring at the center of the hub that encir-
cles the central pore. At the same time, linker helix a8 between
the CARD and NBD is repositioned between neighboring
NBDs, near bound ATP/dATP. In addition, HD1 in the NBD-
HD1 pair rotates a bit, while maintaining contact with the nucle-
otide, and interacts with the WHD from an adjacent Apaf-1
during assembly. This novel HD1-WHD interaction forms an
outer ring within the hub.
Formation of the HD1-WHD ring positions seven HD2 arms
and their attached regulatory regions, which extend from the
central hub. While we have achieved an accurate model of the
central hub and arm, the regulatory region remains somewhat
blurred because we don’t have atomic structures for Apaf-1
b-propellers. Even so, we were able to model tandem seven578 Structure 18, 571–583, May 12, 2010 ª2010 Elsevier Ltd All rightand eight blade b-propellers using extensive sequence informa-
tion and pdb structures, including Aip1, which has two b-propel-
lers with a similar V-like configuration (Voegtli et al., 2003).
Finally, we placed cytochrome c between the two b-propellers
in an orientation that agrees with known data.
Our model is consistent with functional and mutation studies
of Apaf-1 (summarized in Table S2 and Figure S9). For exam-
ple, Apaf-1-ALT in a prostate cancer cell line is not functional
(Ogawa et al., 2003). This isoform is terminated after HD1 and,
thus, is missing the WHD, arm, and regulatory regions. WHD
loss could weaken or prevent the assembly of an Apaf-1-ALT
ring. Additional studies revealed two loss-of-function mutants,
Apaf-1 (L415P) and 437ter (Table S2) (Harlan et al., 2006).
When leucine 415 is replaced by proline, helix a23 inWHDwould
be disrupted (Figure 6B). This mutation may change the confor-
mation of this important region and prevent assembly. For
Apaf-1 437ter, termination occurs before a conserved histidine
(His438) in the WHD, which may partly destabilize the inactive
monomer (Danot et al., 2009). However, the greatest effect of
this mutation would be the elimination of helix a24, which formss reserved
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also destabilize a20 and a21 in the WHD. Hence, the 437ter
mutation is predicted to prevent assembly due to loss of the
HD1-WHD ring. Alternatively, incomplete assembly might lead
to aggregation and block pc-9 activation.
Our model can be extended to other NOD proteins (Inohara
and Nunez, 2003). However, specific details will vary as NOD
proteins contain different N-terminal effector and C-terminal
regulatory regions. For example, Nod2 is associated with
Crohn’s disease, Blau syndrome, and early onset sarcoidosis
(Hugot et al., 2001; Miceli-Richard et al., 2001; Kanazawa
et al., 2005; van Duist et al., 2005). Crohn’s disease may be
due to loss-of-function mutants, whereas gain-of-function muta-
tions may be responsible for Blau syndrome and early onset
sarcoidosis (Wilmanski et al., 2008). Several loss-of-function
mutants, including C333Y and S344T, along with Crohn’s
disease mutants L348V and H352R, are located in the ISM helix
region (Table S2 and Figure S9). These mutations may disrupt
interactions that are critical to nucleation and assembly of the
central hub. Another loss-of-function mutant, V492E, is located
in sensor-2 helix, which is equivalent to helix a18 in Apaf-1.
This region mediates interactions between HD1 and a WHD
from an adjacent subunit. Mutations in this feature could disrupt
assembly or lead to an unstable complex.
Conformational Changes during Assembly
Platform assembly in the apoptosome is the first step in pc-9
activation (Hill et al., 2004; Zou et al., 1997, 1999; Rodriguez
and Lazebnik, 1999; Acehan et al., 2002; Yu et al., 2005). Apaf-1
exists in solution as an inactive monomer and binds cytochrome
c in a series of steps that leads to an open conformation. The
open form then promotes apoptosome assembly (Acehan
et al., 2002). We do not have a crystal structure of the complete
Apaf-1 monomer; instead we have a model with bound ADP that
is missing the C-terminal regulatory region (Apaf 1–591; Riedl
et al., 2005). The compact nature of the N-terminal region
suggests that it may be a good first approximation for a closed,
inactive Apaf-1. However, some uncertainty remains about the
nature of bound nucleotide in the inactive monomer. Thus,
Apaf-1 purified from sf21 cells contained dATP and hydrolysis
of the g-phosphate occurred upon cytochrome c binding (Jiang
and Wang, 2000; Kim et al., 2005). Conversely, Apaf-1 purified
from Hi-Five/sf21 insect cells and from bacteria-contained
bound ADP (Bao et al., 2007; Reubold et al., 2009; Riedl et al.,
2005). In this case, ATP hydrolysis was not required for apopto-
some assembly (Bao et al., 2007; Reubold et al., 2009). However,
cytochrome c binding and nucleotide exchange were necessary
to stabilize the monomer in an assembly-competent form.
b-Propellers in the regulatory region are thought to lock Apaf-1
in an inactive conformation. To emulate this state, we placed
‘‘cartoon’’ b-propellers at the C terminus of folded Apaf 1–591.
This created a compact monomer while retaining the rough
geometry of the regulatory region (Figure 7A, left). Note that we
kept the NBD in a fixed position throughout this analysis. In the
first stage, cytochrome c may bind between two b-propellers
with a geometry like that observed in the apoptosome. This
would trigger an opening of the compact Apaf-1 monomer with
the regulatory region moving away from the NOD region. During
this step, the WHD and regulatory region would swing 120Structure 18,about a pivot point located betweenHD1 andWHD. In the crystal
structure of Apaf 1–591 (Riedl et al., 2005; Danot et al., 2009), the
WHD is bent back toward ADP and a conserved histidine
(His438) forms a hydrogen bond with ADP to help stabilize the
inactive monomer. This hydrogen bond would be broken when
the Apaf-1 monomer opens up.
In the second stage, nucleotide diphosphate is exchanged for
dATP/ATP to presumably lock the Apaf-1 monomer in an open
and assembly-competent form (Figure 7A, right) (Acehan et al.,
2002). The overall effect of these large domain movements is
2-fold. The rearrangements would expose the a12-a13 helix
pair along with the rest of the NBD, so that the NBD ring in the
central hub could assemble. Changes in the vicinity of bound
ATP/dATP must be responsible for the transition from a closed
to an open form, as shown in a bottom view of the NBD that
compares closed and open conformations (Figure 7B). In our
model, there is room in the binding pocket to accommodate
ATP. However, nucleotide exchange and divalent cation binding
probably alter interactionswith the CARD-NBD linker, whichmay
trigger a repositioning of helix a8 during assembly. At the same
time, HD1 rotates by 12 relative to the NBD and the HD1-
WHD linker flips through an angle of 50–60 to help form a
contact with an adjacent Apaf-1 subunit. Although we could not
accurately model the HD1-WHD linker (Figure 7B, right, dashed
line), there is clear density for this feature in the 3D map. Linker
movement is coupled with a rotation of the WHD by 120 (for
clarity, only helices a20 and a21 are shown). This would position
WHDsandHD1s to form theoutermost ring in the hub, asNBDs in
each Apaf-1 associate to form the inner ring. The relative geom-
etry of the WHD-HD2 pair remains fixed during this large con-
formational change and creates the extended arm that supports
the regulatory region. Clearly, more precise details of nucleotide
exchange and its function as a trigger for assembly will require
a higher resolution structure of the apoptosome.
The major goal of Apaf-1 assembly is the formation of a stable
platform while releasing CARDs from interactions with their reg-
ulatory regions. This frees up seven Apaf-1 CARDs that remain
flexibly linked to the platform through CARD-NBD linkers that
are 17 residues long. Indeed, the CARD-NBD linker is also
disordered in the crystal structure of Apaf1-591 (Riedl et al.,
2005). There is a precedent for CARD flexibility in a crystal struc-
ture of the CED4-CED9 complex (Yan et al., 2005). In this case,
a CED4 CARD was missing because it did not make stabilizing
contacts in the crystal.
We tested the idea of CARD flexibility by constructing Apaf-1
with a thrombin site in the CARD-NBD linker. After apoptosome
assembly, Apaf-1 CARDs were readily removed by thrombin
(data not shown), consistent with these domains being flexibly
tethered to the platform. Thus, flexibly linked CARDs in the apop-
tosome are free to interact with pc-9 CARDs. This allows the
formation of a disk that is likely comprised of Apaf-1 CARD-
pc-9 CARD heterodimers (Qin et al., 1999). Disk assembly may
be driven by the high local concentration of CARDs in the region
above the central hub. The importance of this disk will be
described in a forthcoming paper.
A Conserved Platform Architecture
Apoptosomes are present in chordates and arthropods, while
a smaller protein, CED4, is present in C. elegans. Conservation571–583, May 12, 2010 ª2010 Elsevier Ltd All rights reserved 579
Figure 7. Assembly of the Human Apoptosome
(A) Conformational changes are shown that may occur in the transition from a closed to an open Apaf-1 conformation. See text for details. The position of the NBD
has been fixed during the modeling and the CARD-NBD linker is shown as a dashed line in both states.
(B) A bottom view is shown of the NBD to highlight changes that occur during nucleotide exchange, which include largemovements of HD1, the HD1-WHD linker,
and WHD.
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Structure of an Apoptosome-pc-9 CARD Complexof the NOD suggests that apoptosomes will have a similar archi-
tecture for the central hub. However, in Drosophila the apopto-
some contains eight subunits per ring, rather than the seven
subunits found in the human complex. Even so, the general
arrangement of protein domains appears to be similar in human
and Drosophila apoptosomes (data not shown; Yu et al., 2006).580 Structure 18, 571–583, May 12, 2010 ª2010 Elsevier Ltd All rightA crystal structure of an inhibited CED4-CED9 complex
revealed a nonsymmetric CED4 dimer (Yan et al., 2005). We
compared the CED4 dimer to a pair of Apaf-1 subunits extracted
from our apoptosome model. This revealed an excellent corre-
spondence between structures when they were aligned on the
NBD of the leftmost subunit (Figure 8). In the CED4 dimer, thereFigure 8. AComparison of Apaf-1 andCED4
Lateral Dimers
(left) A lateral dimer of Apaf-1 from the apopto-
some is viewed roughly from the top of the hub.
(right) The crystal structure of the CED4 dimer is
shown without CED9. Models in the two panels
were aligned on the leftmost NBDs in each subunit
pair. Note that the HD2 region is much smaller in
CED4. The a12-a13 helix pair in Apaf-1 and equiv-
alent helices in CED4 are labeled, along with the
HD1-WHD linker (asterisk) and the HD1-WHD
interaction site (arrow).
s reserved
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Structure of an Apoptosome-pc-9 CARD Complexare three major interfaces. In the first site, the ISM helix (a11) and
a11a (or a loop) are packed against a12 (equivalent to a13 in
Apaf-1) of the adjacent molecule. In addition, linker helix a8 is
packed between the NBDs, although its length and position
differs from the equivalent helix in the human apoptosome.
At the second site, the HD1-WHD linker from one subunit inter-
acts with the adjacent NBD (Figure 8, right, asterisk). At the third
site, HD1 interacts with a WHD from the adjacent molecule
(Figure 8, right, arrow). These three contact sites are similar,
though not identical, in a lateral Apaf-1 dimer extracted from
the apoptosome (Figure 8, left). Hence, the CED4 dimer could
represent a building block of the C. elegans apoptosome in
which CED9 blocks the oligomerization interface of one CED4
molecule. This predicts that a CED4 apoptosome may contain
seven or eight subunits. However, the CED4 subunits have
a closer lateral spacing that arises, in part, from differences in
the HD1-WHD linker (Figure 8, asterisk) and linker helix a8.
This might favor a CED4 apoptosome with eight subunits when
the dimeric nature of the putative building block is factored in.
Intriguingly, CED4 binds ATP and does not have ATPase activity,
so nucleotide exchange may not drive assembly. Instead, the
removal of CED9 by EGL1 may be sufficient to promote
assembly of this apoptosome fromdimeric CED4 building blocks
(Yan et al., 2005).
In summary, we have presented a comprehensive model of
the human apoptosome based on molecular docking into
a density map at 9.5 A˚ resolution. The new model of the
platform is consistent with known biochemical properties and
can explain the phenotypes of critical mutations in NOD family
members. When combined with sequence information, the
model provides a blueprint for the structure and assembly of
other NOD family members. This work also sets the stage to
develop a deeper understanding of the mechanism of pc-9
activation.EXPERIMENTAL PROCEDURES
Protein Preparation and Assembly
Recombinant Apaf-1 was expressed and purified from sf21 insect cells
(Acehan et al., 2002; Yu et al., 2005). Procasepase-9 mutants were generated
with theQuickchange kit (Stratagene) and a pc-9t linkermutant was created by
inserting a thrombin site (LVPRGS) after Lys100. pc-9 proteins were expressed
and purified as described previously (Chao et al., 2005). Bovine heart cyto-
chrome c (Sigma-Aldrich) was purified by cation-exchange chromatography
(HiTrap S; GE Healthcare). To assemble the ground state apoptosome,
Apaf-1 in LSB [20 mM HEPES-KOH (pH 7.5), 10 mM KCl, 1.5 mM MgCl2,
1 mM EDTA, 1 mM EGTA, and 1 mM dithiothreitol] was incubated with cyto-
chrome c (in a 1:1 molar ratio) and 0.1 mM dATP at 30C for 30 min. For the
apoptosome-pc-9 complex, Apaf-1 was incubated with cytochrome c, pc-9,
and 0.1 mM dATP at 30C for 30 min. To obtain the apoptosome-pc-9
CARD complex, three units of thrombin (Sigma-Aldrich) were added per
50 mg Apaf-1 and the solution was incubated at 30C for an additional
30 min. To monitor assembly, apoptosome samples were applied onto a
10%–40% glycerol gradient (2.1 ml) volume in LSB and centrifuged at 17C
for 2.5 hr in an RP55S swinging bucket rotor (55,000 rpm; Sorval). Fractions
were collected manually from the top of the tube (14 fractions, 150 ml per
fraction), separated on an 8%–18% gradient gel by SDS-PAGE and visualized
with Coomassie blue.
Procaspase-9 Activation Assays
A fluorogenic substrate, Ac-LEHD-AFC (Calbiochem), was used for pc-9
proteolytic activity assays. Fluorescence experiments were carried out onStructure 18,a Fluoro-Max2 fluorimeter (Jobin Yvon–SPEX Instruments SA, Inc.) at room
temperature using a 600 ml cuvette with a path length of 1 cm. Samples
containing pc-9 or the apoptosome pc-9 complex were diluted with LSB to
600 ml. The ratio of pc-9 to Apaf-1 was obtained from titration experiments
with glycerol gradients to ensure that no free pc-9 was present. Cleavage
reactions were started by adding Ac-LEHD-AFC (100 mM) to the sample.
Release of the AFC fluorescent moiety was monitored at 505 nm with an
excitation wavelength of 400 nm.
Electron Cryo-Microscopy, Structure Determination, and Modeling
After assembly, the apoptosome pc-9 CARD complex was obtained by
thrombin treatment in LSB and concentrated to3 mg/ml using YM-30 Micro-
cons (Millipore) in the presence of Nonidet P40 (0.15% final concentration).
Aliquots of the concentrated sample (2 ml) were pipetted onto Quantifoil
R1.2/1.3 holey grids, which were then blotted and plunged into liquid ethane,
cooled with liquid nitrogen. Plunging was done at 100% humidity and room
temperature using a Vitrobot Mark 3 (FEI). Data were collected on film at
62,0003 with a Tecnai F20 microscope operated at 120 kV for optimal
contrast. Electron micrographs were scanned using a Zeiss scanner at
a step size of 7 mm and binned to 2.26 A˚/pixel. Particles were selected using
BOXER (Ludtke et al., 1999) and a hybrid structure factor was generated
(Yu et al., 2005). Since the complex was prone to aggregation, only100 parti-
cles could be selected from each micrograph, which gave a weak signal for
CTF fitting. Thus, CTF parameters were determined from the adjacent carbon
film with FITCTF, and these values were then used to manually adjust the CTF
of the summed particles with CTFIT in EMAN 1.8 (Ludtke et al., 1999). For 3D
reconstruction, a ground state apoptosomemap was used as a starting model
(Yu et al., 2005). About 42,000 particles were selected and after refinement
34,000 particles were included in the final map with 238,000 subunits.
Map filtration was accomplished by computing a hybrid 1D structure factor
during CTF determination, and then applying it to the map during refinement
with the setsf option. This was combined with a low-pass filter based on the
resolution determined for the final map.
For docking experiments, the four domains (NBD, HD1,WHD, and HD2) and
helix a8 were taken from Apaf-1 (1–591) (1Z6T; Riedl, et al., 2005). A crystal
structure of bovine heart cytochrome c (2B4Z; Mirkin et al., 2008) was also
used. Docking was carried out in UCSF Chimera (Goddard et al., 2005) and
refined with Flex-EM (Topf et al., 2008). Further details on the modeling of
the two b-propellers and the docking procedures are described in the Supple-
mental Experimental Procedures. Symmetry related subunits were generated
in Moleman2 using seven-fold symmetry by rotating the model of the first
subunit about the z axis by multiples of 51.4 (Kleywegt et al., 2004). Figures
were made using Chimera and Adobe Photoshop.ACCESSION NUMBERS
Coordinates for the apoptosome model and the density map have been
deposited with the RCSB (3IYT) and EMD (EMD-5186), respectively.SUPPLEMENTAL INFORMATION
Supplemental Information includes nine figures, two tables, and Supplemen-
tal Experimental Procedures and can be found with this article online at
doi:10.1016/j.str.2010.04.001.
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